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METALLURGICAL PROCESSING AND SUPERCONDUCTING PARAMETERS
OF THE V3Ga A15 PHASE

INTRODUCTION

For a variety of superconducting applications, materials are required with high critical
temperatures, magnetic fields, and currents. Many intermetallic phases of several structural
types (A15, Laves, sigma, and sodium chloride) as well as bcc metals and alloys (Nb,
Nb-Ti, and Nb-Zr) qualify as high-field superconductors. Among these materials however
intermediate phases with the A15 structure possess the highest superconducting transition
temperatures To, determined to date. Of the several high-field binary and ternary A15
materials (including Nb3 Al, Nb3 Ga, Nb3 Sn, V3 Si, and Nb3 A1.7 5Ge2 5), V3 Ga is par-
ticularly attractive both as a practical superconductor and as a research material for irl-
vestigating the role of structure in determining the superconducting properties. The ad-
vantages of the V3 Ga phase in studying how structure affects properties derive from the
nature of the phase equilibria in the V-Ga system (Fig. 1). [1]

The A15 phase of the V-Ga system is a superconductor with demonstrated techno-
logical potential. Recently at the Naval Research Laboratory V3Ga formed in composite
wires achieved the highest critical current density (106 A/cm2 ) measured at 100 kG [2].
Other A15 phases with "superior" superconducting properties are ranked in Table 1.
Most of the values listed there are for laboratory specimens, since only Nb3 Sn and, very
recently, V3Ga have been developed as superconducting materials of commercial interest.
For all of these materials the superconducting properties are highly dependent on the
composition of the A15 phase-generally attaining their optimum values near the stoi-
chiometric A3B composition.

The stoichiometric Nb3 Ge and Nb3 Ga A15 phases do not exist in the equilibrium
state, and stoichiometric Nb3 Al is unstable below 1600°C; the data shown in Table 1 for
these materials are from small quenched specimens or unstable thin films. Since these
structures are metastable, it is difficult to achieve meaningful structural modification
through processing (or even to evaluate the existing structure fully). The addition of Ge
to Nb3Al stabilizes the stoichiometric A15 structure as Nb3 (A1.7 5 Ge.25 ). However the
phase equilibria of this ternary system are only partially defined; thus the potential for
structural manipulations cannot be evaluated. Both Nb-Sn and V-Si are systems in which
the stoichiometric A3B composition nearly coincides with the high B-element limit of the
A15 phase field. This circumstance does not detract from the usefulness of these materials
(the wide use of Nb3 Sn in high-field magnets is evidence of this) but does impose a com-
positional restriction that would impair study of the structure-and-property interrelations.

On the other hand, V-Ga is a system in which the broad compositional range of the
A15 phase spans the stoichiometric V3 Ga composition. The phase equilibria of this

Note: Manuscript submitted May 2, 1975.
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Fig. 1-Vanadium-gallium phase diagram as reported by
van Vucht et al. [1]

Table 1
Superconducting Properties of A15 Phases

Transition Critical Critical Current

Materials Temperature Field Hc2 Density Jc at
To at 4.2 K 100 kOe and 4.2 K
(K) (kOe) (104 A/cm 2 )

Nb3Ge 22.5
Nb3 (Al3 Ge) 20.5 410 0.3
Nb3 Ga 20.3 340 3
Nb3 Al 18.8 295 50
Nb3Sn 18.0 225 5-30
V3Si 17.1 230 5
V3Ga 15.3 220 100
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system, defined principally by the work of van Vucht et al. [1] and presented in part in
Fig. 1, have a number of interesting aspects which may be used in processing the super-
conducting material and modifying its microstructure. At high temperature the A15
phase is in equilibrium with the bcc phase. This bcc-to-A15 transformation may provide
a means for refining the grain structure of the superconductor. The precipitation of
V6Ga5 within Ga-rich A15, indicated by the decreasing solubility limit of the A15
phase, may provide flux-pinning centers in the superconductor. These properties of the
V-Ga system suggest that, by controlled processing, a variety of materials of different
compositions and structures can be produced and the influence of these structural vari-
ables on the superconducting properties can be evaluated.

The phase diagram also indicates one difficulty in preparing homogeneous specimens
of the superconducting phase. The extended freezing range for the compositions of the
A15 phase will lead to pronounced dendritic segregation in cast materials. Accordingly
cast materials must be homogenized to eliminate this solidification segregation. The bcc
solid-solution phase field that exists at temperatures above the A15 stability range pro-
vides a means for accelerating this homogenization. That is, by annealing a casting at
high temperature in the bcc condition (where diffusion is fast), by rapidly cooling to
generate a fine A15 structure through the transformation, and finally by annealing in the
A15 stability range to remove the fine-scale transformation segregation, this problem may
be eliminated.

This report gives the results of a systematic study of the interrelations among the
metallurgical processing, the resultant microstructures, and the superconducting proper-
ties of the V-Ga A15 phase. Eleven alloys, spanning the entire composition range of the
A15 field and the adjacent two-phase fields, were arc-melted and cast as 1.3-cm-diameter
rods. The structures of these rods were examined, and the effects of high-temperature
homogenization, transformation, and annealing on the microstructure and on the lattice
parameter of the A15 phase were evaluated by metallographic, x-ray-diffraction, and
microhardness measurements. The long-range-order parameter has been evaluated for
three compositions near the stoichiometric V3Ga in each of the three processing condi-
tions: cast, transformed, and annealed. The superconducting properties of a series of
transformed and annealed specimens were measured and related to composition, struc-
ture, and long-range order.

TERMINOLOGY, DEFINITIONS, AND LIMITS OF ACCURACY

Throughout the remainder of this report the phase designations of Fig. 1 will be
used: ox is the terminal bcc solid solution, 13 is the A15 phase, which includes the stoi-
chiometric V3Ga composition, and y is the hexagonal phase (Ti6 Sn5 type), most fre-
quently indicated as V6 Ga5.

Although a variety of heat-treating procedures were used to evaluate phase equi-
libria and long-range-order parameters, the specimens for the major part of the study
were in three distinct metallurgical states:

Cast. The arc-cast material is characterized by distinct dendritic segregation origi-
nating in the solidification process.
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Transformed. Cast material heat-treated in the ao state to eliminate the solidification
segregation and rapidly cooled through the a-to-O transformation is characterized by a
relatively fine 13-phase grain size and by microsegregation generated in the 01-to-1
transformation.

Annealed. Transformed material annealed in the 1 state to eliminate the micro
segregation from the oa-to-O transformation is characterized by a homogeneous 1 phase of
a larger grain size than that of the transformed specimen.

All specimen compositions are given in atomic percent, and an abbreviated specimen
notation is used. Thus, V-13.3Ga is used in place of the cumbersome 86.7 at-% V, 13.3
at-% Ga. The V content of each cast rod was determined by chemical analysis, with an
accuracy of ±0.5 wt-%. The Ga content, determined by difference, has been converted
to atomic percent. However in presenting these analyses and the impurity concentra-
tions we will retain the weight-percent usage of the analyst.

All processing temperatures are reported in degrees Celsius (0C). The temperature
of the induction annealing furnace was measured to an accuracy of +50C, and the tem-
peratures of the tubular resistance furnaces, used for annealing samples between 700 and
8000C, were measured to ±10C. The temperatures of the cryogenic experiments are re-
ported in kelvins (K). The accuracy of the cryogenic measurements are within ±30
millikelvins.

For all x-ray diffraction work, we used Cu radiation (Kai = 1.54051 A, Ka 2 =
1.54433 A, and Ka = 1.54178 A). The lattice parameters were evaluated from the
powder patterns (114.6-mm-diameter cameras with a Straumanis film-loading arrange-
ment), and use of the Nelson-Riley extrapolation function provided an accuracy of
±0.0005 A.

EXPERIMENTAL PROCEDURES:

Arc-Melting and Casting

To prepare the V-Ga specimens, the pure metals were weighed, mixed, and com-
pacted into briquets at 1500 kg/cm2 . The electrolytic V was of a coarse (1 to 12 mm),
irregular, dendritic form. The Ga was chilled in liquid nitrogen and crushed to <10
mesh particles in a hardened steel mortar. The briquets, weighing approximately 100 g,
were melted in an arc furnace (water-cooled tungsten electrode and copper hearth) using
dc currents of 300 A. The atmosphere was 99.995% pure argon, and this gas was first
passed through heated Ti and Zr turnings to remove nitrogen and oxygen, and then
through a cold trap to condense any trace of water vapor. The specimens were inverted
on the copper hearth and remelted four times to achieve complete alloying between the
V and Ga.

The need for a number of samples of identical composition for the individual ex-
periments of this study necessitated large (100-g) button melts. Also this investigation
required specimens of uniform and similar, if not identical, microstructure. In arc-
melting such large specimens on a water-cooled copper hearth, the entire specimen
cannot be maintained in the liquid state. Thus the highly directional solidification

4
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pattern, pronounced in small button melts, is made much more complex, and the micro-
structure of the resulting button varies from the fine-grained structure of a chill zone, to
cellular, to rather coarse dendritic. To obtain a more uniform structure, these buttons
were remelted and cast as rods.

For the casting process the button was arc-melted on a copper hearth machined into
the top of a heavy-walled split copper mold. The surface of the button was rapidly
melted and, by increasing the arc current to 600 A, the button was totally melted, allow-
ing liquid specimen to pour into the mold cavity. The cast rods, 1.3 cm irr diameter by
7.5 cm long, showed some surface defects (cold-shuts and cracks), many internal cracks
which formed during the cooling of these very brittle materials, and fine-scale interden-
dritic shrinkage porosity. However the bodies of the rods had a fine microstructure and
were uniform, so that an adequate number of specimens for these studies could be sec-
tioned from these rods.

Specimen Chemistry

Chemical analyses of the cast samples show a linear relationship between the loss of
Ga during melting and composition. The Ga losses (Fig. 2) are a function of the
liquidus temperatures of the individual samples. The liquidus temperature drops from
19000C, the melting point of pure V, to approximately 1600'C for the V-33Ga speci-
men. Thus in V-Ga specimens the temperature needed to melt the alloy completely de-
creased with increasing Ga, and accordingly the loss of Ga during melting also decreased.
Approximately 15% excess Ga was required at the low-Ga end of the composition range of
interest, whereas only 2.5% excess Ga was needed to maintain the composition of the V-37Ga
sample.

V and Ga used in the specimen preparation were 99.95% and 99.99% pure respectively.
Impurities (in weight percent) in the V were 0.01 Al, 0.03 Cu, 0.001 Fe, 0.001 Mn, 0.0001

Ga (at-%)
10 20 30 40

50 I 4

40 -400J~~~~~

30

40

O 20

°o 20 _ a

30-

20 30 40 20
Ga CONTENT OF CASTING (Wt°/6)

Fig. 2-The loss of Ga during arc-melting and cast-
ing of V-Ga specimens
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Mg, 0.001 C, 0.001 N, and 0.011 0 and in the Ga were 0.0001 Al, 0.001 Cu, 0.001
Hg, 0.00001 Mg, and 0.0001 Pb. Cu was analyzed by atomic absorption; C, N, and 0
in V were analyzed by vacuum fusion; and rest of the elements were analyzed by spec-
trochemical means.

Data from the chemical analyses of both cast and heat-treated specimens are shown
in Table 2. More detailed analytical data were collected for specimens near the stoi-
chiometric composition (V-23.3Ga, V-25.6Ga, and V-27.5Ga). The Cu contents, deter-
mined by atomic absorption, were increased above that of the pure V stock in only two
specimens: V-17.9Ga and V-28.2Ga. The Cu contamination in these two specimens was
introduced during arc melting. The increase in Si in the heat-treated specimens is prob-
ably a result of SiC contamination from the cutoff wheels used in sectioning the rods
prior to the heat treatment. The other impurities remained at acceptably low levels.
However these are spectrochemical determinations which are at best semiquantitative,
since no suitable standard materials were available for direct comparisons. A Nb con-
tainer was used in the high-temperature heat treatment, and accordingly the specimens
were checked by spectrochemical analysis for Nb contamination. Nb impurity levels
were below the detection limit of the analytical method in all specimens.

Heat Treatment

To remove the chemical gradients associated with the dendritic solidification struc-
ture of the cast specimens, it is necessary to homogenize these materials at high tempera-
tures in the as phase field. The V-Ga materials are reactive and thus cannot be homoge-
nized in evacuated silica capsules at the required temperatures without extensive con-
tamination. The loss of Ga by volatilization prevents the use of a vacuum furnace for
these high-temperature heat treatments. A workable procedure was devised by packing
the specimens in a bed of particles of the same composition in a closed refractory metal
container and conducting the high-temperature homogenization heat treatment in an
argon atmosphere.

This induction heat-treating system is shown in the schematic diagram of Fig. 3.
The system essentially consists of a Nb susceptor supported by a Nb stand and enclosed
by a water-cooled silica tube. The silica tube is closed by a brass header provided with a
windlass for lowering and raising the sample container, a thermocouple for temperature
control and measurement, and a vacuum port for purging the system. The Nb specimen
container is hung from a Nb rod connected to the windlass by a thin wire. By this
mechanism the Nb specimen container can be positioned inside the Nb susceptor (2.5-cm
diameter, 12.5-cm length, and 0.2-cm wall thickness) for heating, and the container can
be removed from the hot zone for rapid cooling. In this Nb container the specimens
were packed in a bed of particles of the same alloy composition for heat treatment. The
specimen container was heated in high-purity argon by radiation from the Nb susceptor,
which was heated inductively by a 20-kW 10-kHz motor-generator unit. With proper
coil inductance the 1400°C temperature was attained using only 3 to 4 kW. The sus-
ceptor was in a chamber formed by two vertical cylindrical layers of Nb foil and a layer
of fibrous zirconia near the wall of the water-cooled silica tube and by alternate layers
of Nb and layers of fibrous zirconia below the stand. This cylindrical chamber was open
at the top, but three Nb radiation disks were attached to the Nb rod in such a way as to
close the chamber when the specimen container was in place. By this arrangement the

6
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Table 2
Chemical Analyses of Samples

Major Impurity Elements
Material Designation Constituents (wt-%)

(at-% Ga) and Heat (wt-%)

Treatment | GaAlt|Cut|Cut[Fet Mnt [ Pbt ] Sit

V-13.3Ga; cast 82.6 17.4 - 0.032 -

V-17.9Ga; cast 77.0 23.0 - 0.069 - _ _ _
V-20.5Ga; cast 73.9 26.1 - 0.029 - _ - _
V-21.9Ga; cast 72.3 27.7 - 0.031 - _ _ _
V-23.3Ga; cast 70.6 29.4 0.05 0.024 0.3 0.05 0.001 0.001 0.001
V-23.3Ga; homogenized

at 1400 0C for 4 hr
and annealed at 11500C
for 7 hr. - - 0.05 - 0.01 0.05 0.001 0.01 0.3

V-25.6Ga; cast 68.0 32.0 0.05 0.036 0.3 0.05 0.001 0.001 0.001
V-25.6Ga; homogenized

at 1400 0C for 4 hr
and annealed at 11500C
for 7 hr. - - 0.05 - 0.01 0.05 0.001 0.0001 0.3

V-27.5Ga; cast 65.8 34.2 0.05 0.03 0.3 0.05 0.001 Undetected 0.001
V-27.5Ga; homogenized

at 14000C for 4 hr
and annealed at 1150 0C
for 7 hr. - - 0.05 - 0.05 0.05 0.001 0.0001 0.01

V-28.2Ga; cast 65.1 34.9 -0.35 -----
V-31.8Ga; cast 61.0 39.0 - 0.044 - - - -
V-35.6Ga; cast 56.9 43.1 -0.02 ----.
V-37.lGa; cast 55.3 44.7 - 0.02 - - - -

*Wet chemical method.
tSpectrochemical method.
tAtomic absorption.
-Not analyzed.

temperature was made uniform within the susceptor chamber. The furnace temperature
was controlled and read by a Pt/Pt-13%Rh thermocouple attached to the side of the
specimen container.

Because of the decrease of solidus temperature with increasing Ga content, the
homogenizing heat treatments were selected as 4 hours at 1400°C for specimens con-
taining 13 through 29 at-% Ga, 5 hours at 1275°C for specimens containing 31.8 at-%
Ga, and 6 hours at 1200°C for specimens containing 35.6 and 37.1 at-% Ga. At the
end of the homogenization heat treatments the specimens were rapidly cooled by re-
moving the container from the induction zone. The temperature dropped from 1200-
1400°C to 500-700°C in about 1 minute, generating a fine f structure by the solid-
state ac-to-f3 transformation, thus yielding transformed specimens.

The transformed specimens were cut into two parts; one part was retained for
microstructural studies and superconductivity measurements, and the other part was
subjected to additional annealing in the j field to eliminate fine-scale transformation
segregation arising from the a-to-13 transformation. For the latter purpose the annealing

7
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SAMPLE SUSPENSION WIRE

ARGON

Fig. 3-Induction annealing furnace for the high-
temperature homogenization and annealing
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conditions were chosen as 7 hours at 1150'C for specimens containing 13 through 29
at-% Ga, and 7 hours at 990'C for specimens containing 30 through 37 at-% Ga. These
annealed specimens were used for microstructural studies and for microhardness, lattice-
parameter, and superconductivity measurements.

Selected specimens were subjected to long-term anneals in evacuated silica capsules
for a redetermination of the composition limits of the j phase and for long-range-order
studies. Si contamination from the silica capsules was negligible during the relatively low
temperature (700 to 800'C) long-term anneals required for these studies.

Microstructure and Microhardness

Microstructure was studied by standard metallographic techniques. These studies
were augmented by microhardness measurements, electron microprobe analyses, and
spectrochemical analyses. Whenever possible, microhardness measurements were used to
identify the a and : phases.

Excessive crack formation was observed in metallographic specimens mounted under
pressure in a thermal-setting plastic. This problem was minimized by mounting the
specimens in an epoxy resin. Standard grinding and polishing techniques were used for
preparing the metallographic specimens, but the coarsest SiC paper used for grinding the
mounted specimens was 320 grit size, because any coarser grit size produced excessive
cracking and chipping of these brittle specimens. The specimens were polished with a
and Py alumina on suitable cloth-covered wheels.

A variety of metallographic etchants proposed by other investigators were evaluated.
None was completely satisfactory, but the modified solutions that we found most useful
are listed in Table 3 with a brief notation of their characteristics. These characteristics
are illustrated by the photomicrographs of Fig. 4, as well as by those in other sections
of this report. The hydroxide-peroxide etchant delineates boundaries between phases
(a, I, y, and the impurity phase) but not the grain boundaries within the j3 phase. The
structure of a not fully equilibrated V-13.3Ga specimen (Fig. 4a) illustrates this. The f3
phase, which forms a continuous network along the a grain boundaries and also forms
individual platelets within the a grains, is clearly delineated in the a matrix. The mixtures
of nitric acid, hydrofluoric acid, and water are more successful in revealing the structure
of the P phase. Figures 4b and 4c show the same area of a transformed V-28.2Ga speci-
men etched with two mixtures of these acids. The 1HNO3 :10HF:30H 2 0 mixture reveals
many of the 0-phase grain boundaries, a few subboundaries, and a linear veining pattern
ascribed to variations in the Ga content of the j3 phase arising from the a-to-P transforma-
tion; this etchant accentuates the particle population of the impurity phase. Figure 4c
shows the effect of this mixed-acid etch, now in the proportion 5HN0 3 , 2HF, and
30H 2 0, on the same structure. The f3 grain boundaries and subboundaries are more dis-
tinct and the veining is revealed but the population of impurity-phase particles seems low.
Examination of this etched structure at high magnifications revealed two populations of
impurity particles, the first strongly attacked (darkly colored) and the others lightly
attacked. Thus the impurities may generate particles of two phases or of one phase with
variable composition.

9



DAS, HUBER, AND COX

Table 3
Metallographic Etching Solutions

Compositions* Etching Time Characteristics
(parts by volume) | (min)

4NH4 OH, 1H 202 2-4 Delineates phase boundaries, particu-
larly c/el boundaries.

1HNO 3, 10HF, 3OH2 Ot 2-4 Reveals j grain boundaries.t

5HNO3 , 2HF, 3OH2 Ot 3-10 Reveals microstructural details, such as
subboundaries and dislocations.
This etch is sensitive to crystallo-
graphic orientation of the grains.t

*The concentrations of each of the chemical reagents used in composing the etching solutions were 28 to
30% NH 3, 70 to 71% HNO 3, 48% HF, and 3% H2 02 .

tSurface stains form rather rapidly on the etched specimen. This staining can be prevented by dipping the
etched specimens in a 1NH 4 OH:10H 2 O solution for 30 seconds.

The etching characteristics of the j grains in the mixed-acid solutions show an orien-
tation dependence. For some orientations this type of etchant reveals fine-scale structural
elements. The annealed specimen of V-25.6Ga shown in Fig. 5 was etched in the
5HN0 3 :2HF:30H 2O solution. Subboundaries and dislocation pits are evident in one
, grain but remain completely undelineated in the others.

Distinguishing the a, j3, and -y phases in metallographic sections was not always easy.
When the specimens contained a substantial amount of a second phase, it was identified
by x-ray diffraction. Similarly, when the a and j phases occurred in coarse structures,
microhardness measurements were used to distinguish these two phases. For a 100-g in-
dentation load, the hardness of the a phase ranged from 350 to 570 kg/mm2 as the
gallium content of the sample increased from 17.9 to 35.6 at-%. The hardness of the 3
phase was significantly higher: 990 to 1090 kg/mm2 . But for most specimens of in-
terest in these studies, the second phase in the ,B matrix was a minor constituent, and
metallographic identification was required. The Sy phase, being hexagonal, was detected
in unetched specimens by its optical activity in polarized light. The impurity phase was
inactive, as were the cubic ax and f phases. None of the etchants used produced dis-
tinctive colorations of the phases. Instead there were only slight differences in the etch-
ing characteristics and reflectivity of the phases to be used for identification. At high
optical magnifications the a phase appeared more heavily attacked than the 1 phase, and
the impurity phase showed a faint pink color.

X-ray Diffraction Determinations of the Lattice Parameter
and Long-Range Order

For all diffraction measurements the specimens were powdered to pass through a
325-mesh (44-,um) sieve. In our experiments sharp x-ray-diffraction lines were observed
in Debye-Scherrer powder patterns of the brittle A15 phase samples. The sharp diffrac-
tion profile made it possible to determine the lattice parameter of these samples with an
accuracy of ±0.0005 A.
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7~~~~~~T-

Fig. 5-Subboundaries and dislocation etch pits in an annealed V-25.6Ga speci-
men etched with 5HNO3 :2HF:30H 2 O for 7 minutes. Magnification 100OX.

Three samples (V-23.3Ga, V-25.6Ga, and V-27.5Ga), with high transition tempera-
tures were selected for long-range-order studies. X-ray measurements of long-range order
were made on these three Compositions in each of the three conditions: cast, trans-
formed, and annealed. X-ray integrated line intensities from the 110, 200, 210, and 211
reflections were measured with a diffractometer equipped with a crystal monochromator.
Each peak was scanned for an angular distance of 3 degrees (in 20) at a scanning speed
of 1/8 degree per minute. All intensities were measured with a xenon proportional
counter operated with pulse-height analysis, and the accumulated counts were recorded
in digital form. Background x-ray intensities were measured within 2% probable error
at the beginning and end of each scan. Anomalous-dispersion corrections [3] and tem-
perature corrections were applied for V and Ga. The Lorentz polarization and multiplic-
ity factors-were incorporated in the intensity calculations.

Superconductivity Measurements

Normal-to-superconducting-state transitions were determined by observing the tem-
perature dependence of the relative magnetic susceptibility of the samples using a
Hartshorn-type ac mutual inductance bridge [4]. The temperature at the susceptibility
point midway between the susceptibility values of the fully superconducting state and
the normal state defines the superconducting transition temperature T0 . Temperatures
were determined with a germanium resistance thermometer. The cryostat used in the
measurements of the superconducting properties of these alloys is shown schematically in
Fig. 6. The cryostat permits reloading of samples while leaving the measuring coil in situ.

12
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Fig. 6-Low-temperature cryostat used in measuring the super-
conducting transition temperature

A female-tapered gold-plated copper bushing joins the two segments of a thin-walled
stainless-steel vacuum jacket. The corresponding male taper, again made of copper to
assure good thermal contact, joins the removable stainless-steel probe to the rest of the
sample-holding apparatus. Hard-soldered to the male taper is a phosphor bronze thermal
link, around which a Manganin heater is wrapped over the leads to the germanium
thermometer, which in turn is imbedded inside an OFHC (oxygen-free high-conductivity)
copper block. An OFHC copper adaptor is threaded into the block using a zinc oxide
paste to provide good thermal contact. Welded to the adaptor are several hundred 0.005-
inch-diameter copper wires, and the sample is emeshed inside these with more zinc oxide
paste and bundled with cotton thread. The measuring coils are wound directly on the
stainless-steel jacket, and the entire assembly is loaded into the dewar system. The leads
to the heater and the thermometer are brought up through the probe to room-temperature
connectors after passing through several wads of copper wool which act as radiation
baffles. A pumping port is affixed to the wall of the stainless-steel jacket outside the
dewar.

RESULTS AND DISCUSSIONS

Cast Microstructures

The cast 1.3-cm-diameter rods all had uniform and fine microstructures. However
these microstructures displayed evidence of chemical segregation. This segregation arose
during solidification and is of two types: fine-scale dendritic patterns and a more diffuse
long-range radial gradient. Solidification, as indicated by the phase equilibria of Fig. 1,
proceeds by the formation of dendrites of the ax phase, which are of lower Ga content

13
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Fig. 7-Microstructure of a cast V-21.9Ga specimen etched with NH4 OH:1H202
for 3 minutes. Dendritic segregation of Ga and the a-phase dendrite cores in the
'-phase matrix are revealed by the etchant. Magnification 250X.

than the liquid. As the temperature falls, these dendrites grow inward toward the center-
line of the rod by accreting more solid of increasing Ga content from a liquid that is also
increasing in Ga content. Thus the solidification produces a single-phase a material con-
taining fine dendritic cores of low Ga content and a gradient of increasing Ga content
from the rod surface to the rod center.

The a phase remains stable to room temperature, transforms to the : phase, or is
retained as a metastable phase depending on the Ga content of the a phase and the cool-
ing rate. Thus the lower Ga specimens (V-13.3Ga, and V-17.9Ga) contained stable
a-phase dendrite cores. Specimens of higher Ga content (V-21.9Ga and V-23.3Ga) retain
some a phase in the dendrite cores, but most of the structure transforms to the A' phase
on cooling. An example of the cast structure of the V-21.9Ga material is shown in Fig.
7. Here the matrix has transformed to the it phase on cooling, but the Ga-lean dendrite
cores have remained in the a phase. The patterns of fine lines which make the extended
dendritic pattern visible are a consequence of the a-to-j3 transformation and reveal the
microsegregation of Ga generated in this process. At higher Ga contents (V-25.6Ga and
V-27.5Ga) no a phase is retained in the dendritic cores of the cast structure. However,
when etched properly, the dendritic pattern of the Ga segregation becomes evident. This
pattern is illustrated by the photomicrograph of the cast V-25.6Ga specimen in Fig. 8.
When the Ga content is increased further, the radial composition gradient becomes evi-
dent, because the core of the rod remains with a phase and only a thin surface layer
transforms to the A' phase on cooling. This structure of a high-gallium alloy (V-31.8Ga)
is shown in Fig. 9. In this micrograph the retained a phase is the darker phase. The
peroxide-hydroxide etch reveals the grain boundaries within this phase, and some evidence
of the solidification segregation is revealed by the stain pattern. The structure within the
transformed '-phase surface layer is completely undifferentiated by the etch, but the
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Fig. 8-Microstructure of a cast V-25.6Ga specimen etched with
5HN0 3 2HF 301120 for 6 minutes. The etch delineates the bound-
aries between 3-phase grains and the dendritie segregation patterns
within these grains. Magnification 150X.
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Fig. 9-Microstructure at the interface between the a-phase core (dark) and the
,B-phase rim (light) of a cast V-31.8Ga specimen etched with 4NH 4 0H:1H 2 02
for 3 minutes. This restricted a-to-O transformation is evidence of the radial
segregation of Ga: low in the peripheral region (0 phase) and high in the core
(a phase). Magnification 1 50X.
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jagged a-to-13 transformation interface is clearly delineated. The Ga-lean a phase formed
at the surface transforms to the 1 phase, whereas the Ga-rich a phase in the body of the
rod is retained as a metastable a phase. The marked decrease in the kinetics of the
a-to-13 transformation with increasing Ga content of the a phase produces this structure
and makes evident the radial inhomogeneity in the Ga distribution.

Although the radial segregation is clearly discerned in the microstructure of the
high-Ga specimens, where the width of the liquid-plus-a-phase field is broadest, enhancing
this segregation, we must also assume that similar, but smaller, gradients exist in the other
specimens of lower Ga content. Since this segregation extends over distances comparable
to the radius of the rod, it cannot be eliminated completely by homogenization heat
treatments of reasonable duration. The dendritic segregation, on the other hand, is on
a much finer scale and can be eradicated by a high-temperature homogenization heat
treatment.

Homogenization

Although several previous studies [5-71 of V3Ga used heat treatments to homogenize
the cast specimens at temperatures within the P-phase range (650 to 11500C), we have
found these treatments inadequate. Figure 10 is a photomicrograph of the microstructure
of a V-25.6Ga specimen that was annealed for 3 weeks at 6500C. The dendritic segrega-
tion pattern is quite prominent and not significantly different from that observed in the
as-cast specimen in Fig. 8. Similarly a specimen of V-21.9Ga annealed for 100 hours
at 10000C shows the distinct dendritic pattern of the cast structure (Fig. 11). The
a-phase dendrite cores have been transformed to the 1 phase, but the Ga segregation
from the solidification process has not been eliminated.

Each of these specimens was sealed in evacuated silica capsules for these prolonged
heat treatments. Not unexpectedly the V-21.9Ga specimen annealed at 10000C showed
evidence of reaction with the silica capsule, and extensive contamination resulted. The
consequences of this contamination were formation of a surface layer of a new phase
containing Si (verified by spectrochemical analysis), retention of the general nature of the
a phase, and a change in the response of this phase to the etch. No such contamination
was evident in the microstructure of the V-25.6Ga specimen annealed for 3 weeks at
6500C. Thus for prolonged anneals at 8000C or lower we have used the convenience of
the silica capsule. For all higher temperature heat treatments we have used pack anneal-
ing in the induction furnace.

The effectiveness of our heat-treating procedure can be seen by comparison of
photomicrographs. The cast materials showed dendritic segregation which was effec-
tively revealed by the mixed-acid etchant; Figs. 7, 8, 10, and 11 are examples of this
microstructure. The high-temperature homogenization in the a-phase field eliminates the
dendritic segregation, but cooling through the a-to-O transformation generates a fine-scale
segregation pattern. This structure, characteristic of all of the transformed specimens, is
illustrated in Figs. 4b and 4c. Annealing at high temperature within the 1-phase field
rapidly removes this last form of segregation. The photomicrograph of Fig. 12 shows
the annealed structure. This is the same V-28.2Ga alloy shown in Fig. 4c after annealing
at 11500 C for 5 hours. The specimen was etched with the same mixed-acid solution. All
vestiges of the transformation structure have been eliminated, and only the spheroidized
impurity-phase particles are seen in the large-grained homogeneous 1 matrix. All annealed
specimens showed this type of microstructure.
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Fig. 10-Dendritic segregation in the microstructure of a V-25.6Ga speci-
men etched with 5HNO3:2HF:30H90O for 6 minutes after annealing at
650C for 3 weeks. Magnification 10 0X.
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Fig. 11-Dendritic segregation in the microstructure of a V-21.9Ga specimen
etched with 5HNO 3:2HF:30H 2O for 6 minutes after annealing at 1000°C for
100 hours. Magnification 1OOX.
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Fig. 12-The 3-phase microstructure of a V-28.2Ga specimen etched with
5HNO3:2HF:30H2O for 6 minutes after homogenizing at 1400'C for 6 hours
and annealing at 1150'C for 5 hours. The large grains, containing sphero-
dized impurity particles, show no evidence of segregation. Magnification
250X.

The impurity phase was present in all specimens. In the cast materials it appeared
in the microstructures as filaments or films at 1-grain boundaries. In the high-Ga alloys,
where the a phase was retained in parts of the casting, the impurity phase was not evi-
dent in the a-phase matrix, but it was present in the portions that had transformed. This
suggests a solubility in the a phase of the impurities responsible for the formation of this
phase. In all of the transformed specimens the distribution of the impurity-phase parti-
cles and the veining conform to the same pattern (Figs. 4b and 4c), again suggesting a
rejection of the impurity phase during the transformation. On annealing, the impurity
particles spheroidize (Fig. 12) and remain on grain boundaries or on subboundaries
(Fig. 5).

Several attempts were made to identify the impurity phase-its origin, composition,
and crystal structure. No correlation was found between the impurity-phase population
and spectrochemical indications of high Cu and Si concentrations. Electron-probe micro-
analyses supported this, for no concentration of Cu or Si or of W or Fe was detected in
the particles. These analyses did show a lower Ga content in the particles than in the
matrix, a typical example being 15 to 17 at-% Ga in the particles and 22 at-% Ga in
the matrix.

The concentration of the impurity phase was too small to yield discernible lines in
the x-ray powder patterns, and attempts to extract and concentrate the phase by chemi-
cal and mechanical means were unsuccessful. The impurity phase is hard and brittle,
though less brittle than the 13 phase, and shows no activity under polarized light.
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Philipsborn and Laves [8] observed that when the A15 phases Ti3Au, V3Pt, and V3 Au
were remelted in an arc furnace in argon containing small amounts of oxygen, nitrogen,
or carbon, a Cu3 Au-type phase occurred along with the A15 phase. The impurity phase
in our V-Ga samples is most probably a cubic Cu3 Au-type phase stabilized by small
amounts of oxygen, nitrogen, or carbon.

Microhardness

According to Junod et al. [6] the microhardness of the 13 phase is minimum at the
stoichiometric composition and reaches high values near the composition limits of 1
phase field. The reported microhardness decreases from 1630 ± 40 kg/mm2 for 20
at-% Ga to 1000 ± 20 kg/mm2 for stoichiometric composition and then increases again
to 1500 ± 50 kg/mm2 for 30 at-% Ga. However our measurements of annealed speci-
mens show the microhardness of the : phase across the A15 phase field remaining essen-
tially constant at about 900 kg/mm2 for a 300-g load and about 1000 kg/mm2 for a
100-g load (Table 4). The formation of microcracks, particularly at the 300-g load, may
be responsible for slightly lower values measured at this higher indenter loading. This
uniformity in hardness is contrary to the suggestion of Matthias [9] and the results re-
ported by Junod et al. [6].

Lattice Parameters

Changes in the lattice parameter ao of a material give a measure of modifications in
the atomic interaction parameters and bond lengths, which parameters and lengths in-
fluence electron-phonon interactions and superconducting properties. Moreover deviations
from linear relationships in the lattice parameter as a function of composition may indi-
cate a change in the defect state of the material. For the V-Ga system the lattice param-
eter of the 1 phase shows a large change with composition. Thus a well-defined lattice-
parameter curve based on chemically analyzed specimens permits the establishment of
the Ga content for specimens of intermediate compositions. The Ga content is

Table 4
Microhardness of V3 Ga (Al5) Annealed Specimens

Specimen Indentation Microhardness
Designation Load (g) (kg/mm2 )

V-21.9Ga 100 1003-1004
300 887- 908

V-23.3Ga 100 1033-1056
300 890- 970

V-25.6Ga 100 988-1094
300 898- 916

V-27.5Ga 100 989-1026
300 894- 901

V-28.2Ga 100 989-1056
300 869- 890
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Fig. 13-The lattice parameter, ao of the (3 phase of the V-Ga
system as a function of composition

determined to within ±0.25 at-% on the Ga-rich side and to within ±0.5 at-% on the
V-rich side.

Although a number of investigators reported the lattice parameter of the 13 phase as
a function of composition, agreement among these sets of data is lacking. Therefore in
the present investigation the lattice parameter of the 1 phase across its composition range
was measured carefully using the well-annealed specimens. The measured lattice param-
eters are compared in Fig. 13 with four similar sets of data selected from the literature
[1,6,10,11]. It is evident that our a 0 values are in closest agreement with those of van
Vucht et al. [1]. Our data indicate two line segments of different slopes intersecting
near the stoichiometric V3 Ga composition. Among the other results given for this sys-
tem, only the data of Levinstein et al. [10] show a sharp break in the variation of
lattice parameter as a function of composition. According to their results this change
of slope occurs near 28 at-% Ga. The fact that their data show a change in slope away
from the stoichiometric composition may be related to the uncertainties in the chemical
composition of their alloys, since these compositions were based on the masses of V
and Ga reacted rather than on the chemical analysis of the final alloys. The data of van
Vucht et al. [1] show a distinct change in slope near the stoichiometric V3Ga
composition-even though these authors drew a smooth S-shaped curve through their
data. Kuznetsova and Zhdanov [12] have confirmed from their density measurements
and existing lattice-parameter data that these two different slopes in V-rich and Ga-rich
alloys correspond to the substitution of excess V in Ga lattice positions (at cube corners
and at the center of the cube) and to substitution of excess Ga in V chains, respectively.
Our lattice-parameter data support this observation.
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The recent density measurements of the 13 phase by Junod et al. [6] further support
the substitution mechanisms of excess Ga in V sites and excess V in Ga sites respectively.
Junod et al. mentioned in their paper that their lattice-parameter measurements were in
close agreement with the results of Savitskii et al. [11]. However, when the results of
Junod and Savitskii are compared on the enlarged ordinate scale of Fig. 13, the disparity
in these two sets of data becomes evident. Savitskii's results show a linear relationship
across the entire composition range, but his data from high Ga specimens are significantly
lower than those of Junod or ours. On the other hand, Junod's results suggest a break
around 27 at-% Ga, but at lower Ga contents his data are significantly higher than ours.

Composition Limits of the 1 Phase

Based on lattice parameters and metallographic observations, a modification of the
composition limits of the 1 phase as defined by van Vucht [1] is presented here. Three
specimens, V-13.3Ga, V-17.9Ga, and V-20.5Ga, in the vanadium-rich end of the P-phase
field (Fig. 14) were annealed at 1000, 1150, 1200, and 12250C, after high temperature
homogenization at 14000C. The metallographic examinations of V-13.3Ga and V-17.9Ga,
annealed at 1150 and 12000C respectively and then cooled rapidly, showed only the a
phase. Metallographic determinations of the relative amounts of the a and 1 phases in
V-13.3Ga, V-17.9Ga and V-20.5Ga annealed at 1000, 1150, and 12250C along with
lattice-parameter measurements provided the means to establish the modified a-phase and
1-phase boundaries. At 10000C the a-phase field terminates around 11 at-% Ga and the
13-phase field starts at 21 at-% Ga. The a-phase and 1-phase boundaries as reported by
van Vucht [1] (Fig. 1) are shown by dashed lines in Fig. 14. The range of occurrence
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Fig. 14-Modified composition limits of the ,Bphase
of the V-Ga system. The (-phase boundaries reported
by van Vucht et al. [1] are shown as dashed lines.
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of the 13 phase at 1000'C is from 21.0 to 31.5 at-% Ga, and this range is narrower than
that reported by van Vucht [1].

Our determination of the Ga-rich boundary of the 13 phase field agrees well with
that of van Vucht. From lattice-parameter measurements we established that the 1-phase
boundary moves toward lower Ga content as the temperature decreases from 990 to
8000C. Transformed specimens of V-31.8Ga and V-37.1Ga were annealed for 7 hours at
990'C and 672 hours at 8000C respectively. Measurements of the lattice parameters
of the 1 phase in these 1-plus--y specimens gave 4.8325 A for the specimen equilibrated
at 9900C and 4.8275 A for the specimen equilibrated at 8000C. Using the data of Fig.
13, we find these lattice parameters indicate Ga contents of 31.5 at-% at 990'C and
29.5 at-% at 8000C. These values, indicated by crosses in Fig. 14, are in complete
agreement with the earlier results of van Vucht.

Long-Range-Order Study

In a number of A3 B compounds with A15 structures the highest superconducting
transition temperatures are attained when the compounds are stoichiometric and com-
pletely ordered [13,14]. Therefore a processing method which produces a perfectly
ordered material is desired to achieve optimum superconducting properties. In the per-
fectly ordered A15 structure the A atoms, transition-metal atoms, occupy pairs of "A
sites" on the cube faces, and the B atoms occupy "B sites" at the cube corners and
the body-centered position. When every A and B site is occupied by the proper atom,
the material is in the perfectly ordered condition. It has been suggested in the literature
that there is an optimum annealing temperature at which nearly perfect order can be
attained in a relatively short period of time. The lack of definition of this optimum
temperature however has led many investigators to perform the ordering anneal at low
temperatures-a process requiring an inordinately long time. For example, heat treat-
ments for ordering V3Ga that have been reported in the literature range from 600 to
9000C for periods of 1 to 3 weeks.

Because of the appreciable differences in atomic-scattering factors of V and Ga, the
degree of order in V3 Ga phase can be studied conveniently by X-ray-diffraction methods.
For these studies three compositions, V-23.3Ga, V-25.6Ga, and V-27.5Ga, were selected.
Samples of each of the compositions in the cast, transformed, and annealed conditions
were crushed to powder for these measurements.

In the study of long-range order the integrated intensity (I) from the powder speci-
mens is related to the structure factor according to the relationship I - m(Lp)1F12,
where m is the multiplicity, Lp is the Lorentz-polarization factor, and F is the structure
factor. Again the structure factor F depends on the degree of order S, the atomic scatter
ing factors fA and fB, and the atom fractions XA and XB. Thus for a specific composi-
tion the changes in degree of order S can be measured by the changes in integrated
intensity. To calculate the integrated intensities for specimens of different, compositions
subjected to a variety of processing treatments, a knowledge of the contributions of the
degree of order S and the atomic fractions Xv and XGa to the structure factor F is
necessary.
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The degree of order S is the usual Bragg-Williams parameter

S = (rV - XV)/(1 - YV) = (rGa - XGa)/(l - YG- )

where rv and rGa are the fractions of V and Ga sites occupied by the V and Ga atoms
respectively, Xv and XGa are atomic fractions of V and Ga present in the sample and thus
depend on the composition of the sample, and YV and YGa are the fractions of V and
Ga sites in the perfect V3 Ga lattice (YV = 0.75 and YGa = 0.25). According to this
definition the maximum degree of order SM is, for example, 0.966 for a sample contain-
ing 72.5 at-% V and 27.5 at-% Ga. From an extension of Warren's treatment [15] of
long-range order in binary compounds with A15 structure, the contributions of the degree
of order and the composition to the structure factors were established. These results are
presented in Table 5. For stoichiometric samples (XA = 0.75 and XB = 0.25) these equa-
tions reduce to the forms presented in the right-hand column, which agree with those pub-
lished by van Reuth and Waterstrat [16].

The structure factor F for 110, 200, 210, and 211 reflections were calculated using
the tabulated values of atomic-scattering factors [17]. Normalized calculated and meas-
ured intensities are presented in Table 6. The degree of order of the V3 Ga sample is estab-
lished by comparing the measured intensities with the intensities calculated for specific
values of S. Here Sm' shown in the second column, corresponds to the maximum degree
of long-range order that each of the three compositions can attain, and Sp and Sd corre-
spond respectively to partial long-range order and disorder (no long-range order). Calcu-
lated intensity values for Sd = 0, Sp = 0.9 and Sm = value in the second column are
compared with the measured values for the cast, transformed, and annealed specimens.
These measured intensities indicate that the specimens show a high degree of order in
all conditions.

The intensity ratios of the neighboring reflections point out the differences in the
degree of order among the cast, transformed, and annealed specimens for each composi-
tion. Among the five calculated and measured relative intensity ratios presented in Table
7, the calculated (200)/(211) intensity ratios are all close to 0.48, because these two
planes have identical structure factor relationships (Table 5). The 200/211 intensity
ratios are slowly varying functions of composition and degree of order. Thus this ratio
does not change appreciably with the changes in degree of order, and deviations from the
calculated values would indicate preferred orientation in an x-ray specimen. The small
scatter in the experimental 200/211 intensity ratios indicate that the powder samples
show some evidence of preferred orientations.

The calculated 110/200 and 110/210 intensity ratios show an increase from disorder
through maximum ordered conditions, whereas the 210/211 intensity ratios decrease.
Similar trends are seen in the experimental intensity ratios of cast through annealed
specimens, and within the 0.9 to 1 S-value range the changes in experimental intensity
ratios are small. Here deviations from the general trends may be related to the small
amount of preferred orientation present in the x-ray specimens. These ratios show that
the degree of order is high in the cast specimens (S about 0.9), and this degree of
order improves slightly in the transformed and the annealed specimens.

The increase in the degree of order S in the annealed specimens becomes clearer
when one examines a plot of these intensity ratios against composition. In Fig. 15 both
the calculated and the experimental intensity ratios of 110/200 planes show similar
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Table 5
A15 Structure Factors F

Structure Factors F
Reflections

Nonstoichiometric Composition Stoichiometric Composition

110 2S(fB - fA) 2S(fB - fA)

200 S(fB - fA) + 4 (fAXA + fBXB) S(fB - WA) + (3 fA + fB)

210 S(fB - fA) - 4 (fAXA + fBXB) s(fB - fA) - (3 fA + fB)

211 S(fB - fA) + 4 (fAXA + fBXB) S(fB - WA) + (3 fA + fB)

220 2S(fB - fA) 2S(fB - fA)

310 
2 S(fB - WA) 2 S(fB - fA)

222 3S(fB - fA) - 4 (fAXA + fBXB) 3s(fB - WA) - (3 fA + fB)

320 S(fA - fB) + 4 (fAXA + fBXB) S(fA - fB) + (3 fA + fB)

321 S(fB - fA) + 4 (fAXA + fBXB) S(fB - fA) + (3 fA + fB)

400 2 (4 (fAXA + fBXB)) 2( 3 fA + fB)

(fA and fB are the atomic scattering factors of A and B atoms respectively for the corresponding
(sin 0)/X values, XA and XB are respectively the atom fractions of A and B atoms, and S is the degree
of order)

Table 6
Calculated and Measured Normalized Integrated Intensities for A15 V-Ga Specimens

Calculated Intensity Measured Intensity
Specimen Maximum T

Composition Order X-Ray . Partial Maximum Trans-
( at-% ) Sm Line Disoder Order Order As Cast formed Annealed

(at-%) S ~~~~Sd =O S= =0.9 Sm____

V-23.3Ga 0.933 110 0 3.76 4.06 4.95 4.83 5.52
200 35.17 46.41 46.89 47.60 45.13 51.26
210 100.00 100.00 100.00 98.72 95.84 96.50
211 72.78 97.06 98.10 100.00 100.00 100.00

V-25.6Ga 0.992 110 0 3.70 4.56 5.17 6.27 6.09
200 35.15 46.29 47.62 49.17 50.72 47.00
210 100.00 100.00 100.00 89.44 98.56 89.48
211 72.81 96.91 99.79 100.00 100.00 100.00

V-27.5Ga 0.966 110 0 3.65 4.25 5.10 5.54 5.05
200 35.13 46.19 47.13 46.07 51.09 47.65
210 100.00 100.00 100.00 97.34 114.98 87.83
211 72.84 96.78 98.82 100.00 100.00 100.00
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Table 7
Calculated and Measured Relative Intensity Ratios for A15 V-Ga Specimens

Calculated Ratios Measured Ratios
Specimen Maximum Ratio of

Composition Order Rftion o Partial Maximum
(at-%) Sm .Order Order As Cast formed nealed

Sd =0 SpO= .9 ____

V-23.3Ga 0.933 110/200 0 0.0810 0.0866 0.1040 0.1070 0.1077
110/210 0 0.0376 0.0406 0.0501 0.0504 0.0572
200/210 0.3517 0.4641 0.4689 0.4822 0.4709 0.5312
200/211 0.4832 0.4782 0.4780 0.4760 0.4513 0.5126
210/211 1.3740 1.0303 1.0194 0.9872 0.9584 0.9650

V-25.6Ga 0.992 110/200 0 0.0799 0.0958 0.1051 0.1236 0.1296
110/210 0 0.0370 0.0456 0.0578 0.0636 0.0681
200/210 0.3515 0.4629 0.4762 0.5498 0.5146 0.5253
200/211 0.4828 0.4777 0.4772 0.4917 0.5072 0.4700
210/211 1.3734 1.0319 1.0021 0.8944 0.9856 0.8948

V-27.5Ga 0.966 110/200 0 0.0790 0.0902 0.1107 0.1085 0.1060
1101210 0 0.0365 0.0425 0.0524 0.0482 0.0575
200/210 0.3513 0.4619 0.4713 0.4733 0.4443 0.5425
200/211 0.4823 0.4773 0.4769 0.4607 0.5109 0.4765
210/211 1.3729 1.0333 1.0119 0.9734 1.1498 0.8783
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Fig. 15-Integrated x-ray intensity ratio (110)/(200) as a
function of the composition of the 13 phase
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behavior, and the experimental ratios are far from the completely disordered condition
(S = 0). The curve for the calculated 110/200 intensity ratios for maximum order (Sm)
shows an upward convexity, and that for partial order (S = 0.9) shows a linear variation
with composition. The experimental curve for the cast samples shows a linear variation,
whereas the data for the transformed and annealed specimens show more curvature than
the Sm data. The sharper convexity in the annealed specimen may indicate a higher
degree of order than that in the transformed specimen.

The difference in absolute magnitudes of the calculated and experimental 110/200
intensity ratios is probably due to the uncertainty in the temperature-correction factor.
For example the structure factor for 110 reflection is represented as (Table 5) F110 =
2S(fB - IA), where fA = fV I exp(-MV) and fB = IfGal exp(-MGa). Here fV and fGa
are the dispersion-corrected atomic-scattering factors for V and Ga atoms respectively,
and exp(-MV) and exp(-MGa) are the temperature-correction factors modifying the
atomic-scattering factors for thermal vibrations. Again MV = BV(sin2 0//X2 ) and MGa =
BGa(sin2 0/X2 ), where BV and BGa are respectively the Debye parameters for V and Ga,
0 is the Bragg angle, and X is the x-ray wavelength. These Debye parameters for V and
Ga atoms in V3 Ga are not accurately known but can be estimated from the reported
Debye temperature (302 K) for V3 Ga [6]. The Debye parameters estimated in our
calculation are the same for both V and Ga atoms, and this leads to the same temperature-
correction factor for both V and Ga atoms in V3 Ga. In our calculations the same
temperature-correction factor for both V and Ga atoms in V3 Ga has been used. However
the coordination numbers and bonding of V and Ga atoms are different in V3 Ga; there-
fore the true Debye parameters will most likely be different. We have preliminary experi-
mental evidence [18] that the Debye temperature of V in V3 Ga is 385 K as compared to
302 K, the Debye temperature of the V3Ga compound. The higher Debye temperature
for V atoms decreases the differences between experimental and calculated intensity
ratios.

Our experimental intensity ratios are in better agreement with the intensity ratios
reported by Koch [7] than those published by Nembach [19] or Levinstein [10]. How-
ever we agree with both Koch and Levinstein that the degree of order is high in all sam-
ples, even in the as-cast state. Metallographic evidence clearly shows however that the
cast V3 Ga (Figs. 7 through 9) and the cast specimens annealed at low temperature
without the high-temperature treatment (Figs. 10 and 11) are inhomogeneous. Thus
we agree with Koch that powder x-ray diffraction is too insensitive to measure subtle
changes in long-range order. In other words, localized regions in inhomogeneous speci-
mens may be highly ordered, and the degree of order changes with composition from
region to region. Powder x-ray diffraction cannot differentiate this change of order
from one microscopic region to another; thus the value obtained is an average value of
the inhomogeneous specimen.

Superconducting Transition Temperature

All reports of the superconducting transition temperature at zero field (TO) of the
A15 phase in the V-Ga system agree that To is highly dependent on composition. Van
Vucht et al. [1] report the maximum in To for this phase to be 14.3 K at the stoi-
chiometric composition. Efimov et al. [5] report a maximum of 15.8 K at 26 at-% Ga.
Moreover, according to van Vucht et al., To drops rapidly as the composition deviates
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from stoichiometry, but the data of Efimov et al. show To decreasing slowly to 13.5 K
as the Ga content increases to 31 at-%. These conflicting observations prompted a study
of superconducting transition temperatures in the A15 phase of the V-Ga system.

Transition temperatures were determined from the midpoint of the relative suscepti-
bility change. As in many A15 compounds at fields below a few hundred oersteds, the
plot of Hc2 (T) versus Tc deviates from linearity, and a measured zero-field transition
(To) can be as much as several tenths of a Kelvin higher than the value obtained by
extrapolating the Hc2-versus-Tc data to Hc2 = 0 (Fig. 16). When the extrapolated value
of To is used, the parabolic relation

Hc2 (T) = Hc2 (0) [1 - (T/TO)2] (1)

(expected to hold near To) is self consistent. Here Hc2 (T) is the temperature-dependent
magnetic field and Hc2 (0) is that field at 0 K. However a different value of Hc2(0) is
obtained for each measured value of Hc2 (T) and Tc when the measured To is used. Thus
our To data are midpoint critical temperatures extrapolated to zero applied magnetic
field.

3000 I

x
2000 _

dHC2 =7,400 Oe/K
dT 

1000 X

To (EXTRAPOLATED)

\xI
T(MEASURED)

0 X/9 9.1 9.2 9.3
T (K)

Fig. 16-Transition temperatures measured in magnetic fields, illus-
trating the difference in the measured and extrapolated To values
and the determination of the initial slope for an annealed V-20.5Ga
specimen
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Fig. 17-The superconducting transition temperatures To
of transformed samples of V-Ga as a function of composi-
tion. Results reported by van Vucht et al. [1] and Efimov
et al. [5] are presented for comparison.

The results of van Vucht et al. [1] and Efimov et al. [5] are compared with our
transformed-sample data in Fig. 17. Our data are similar to those reported by van Vucht
et al.; that is, To drops rapidly as the composition deviates to either side of the stoi-
chiometric composition V3 Ga. The somewhat slower drop in To as the Ga content is
decreased, compared to the more rapid drop as Ga is increased, is ascribed to the preser-
vation of the integrity of the linear chains of V atoms in the A15 structure. We believe
that the relatively higher To values in our specimens near the stoichiometric composition
compared with those reported by van Vucht et al. [1] are a consequence of the bcc
a-phase homogenization and the use of higher purity (99.95%) V. Our results are also
in agreement with Wernick et al. [20] and Junod et al. [6] but disagree considerably
with those published by Efimov et al. [5].

The effect of heat treatment on transition temperatures is shown in Fig. 18 in the
plot of To as a function of Ga concentration. Since we know from our long-range-order
study that the annealed specimens have a higher degree of order than do the transformed
samples, the slightly lower To values (by about 0.5 K) of the annealed specimens con-
flicts with the concept that To increases as the long-range order improves. Either the
change in electron-phonon interaction due to the nonuniform Ga distribution in the
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Fig. 18-The changes in superconducting transition tem-
peratures To with heat treatment of V-Ga

transformed specimens or the presence of {111} stacking faults and the disruption of the
V chains [21] in the annealed specimens may be responsible for this anomaly.

The profile of normal-to-superconducting-state transitions as shown in Fig. 19 is
sharpest at stoichiometry and becomes extended as the composition deviates to either side
of stoichiometry. Both the transformed and annealed specimens show similar composi-
tional dependences, with the annealed samples displaying slightly narrower transitions.

The samples used for the measurement of To had rather irregular shapes and weighed
between 1/4 and 1/2 g. Each sample was initially a 1.3-cm-long rod with approximately
a rectangular cross section and was cut as a diametrical section from the 1.3-cm-diameter
casting. However the brittleness of the compound and the existing cracks in the material
made the specimens far from regular in shape, for portions of the surfaces were fracture
surfaces. Since the transformed and the annealed specimens were from different but
adjacent portions of the cast rod, there may be some small variation in the chemical com-
position of the pairs of specimens. But this composition variation is less than 0.5 at-%
Ga according to lattice-parameter measurements.

Although the microstructure of the specimens gave no indication of a radial chemical
gradient in the heat-treated specimens, the superconductivity transitions clearly revealed
this in three samples of different compositions. An example is shown in Fig. 20 for an
annealed V-25.6Ga sample in an applied field of 1000 Oe. The ends of this sample were
surfaces that had been in contact with the mold wall, and the superconducting-to-normal
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Fig. 19-Profiles of normal-to-superconducting-state transi-
tions across the 3-phase field of V-Ga

transition revealed two distinct transitions. When the surfaces that had contacted the wall
were cut away, the lower temperature transition was eliminated.

The presence of multiple transitions or breaks in the normal-to-superconducting
transitions indicate composition variations in the specimens. These composition variations
are caused by the segregation occurring during solidification. The solidification segrega-
tion in cast ingots of V-Ga specimens is due to the large separation between liquidus and
solidus lines as indicated in the existing phase diagram (Fig. 1). The surface of the casting
will be lean in Ga, and the core will be rich in Ga. Extensive diffusion of Ga is required to
eliminate this segregation. Failing this, the specimen will show two or more transitions
or breaks in the normal-to-superconducting transition. In this system the microstructure
is not sensitive to small changes in composition; thus metallographic studies will not detect
this segregation. Although lattice-parameter measurements should be capable of revealing
such segregation, the sampling must be done with care. The superconducting transition pro-
vides the clearest evidence of the solidification segregation.

Recently Koch [7] showed that annealing cast V3Ga specimens for long intervals at
650 to 7000 C caused an increase in To by 1 to 1.6 K and that To showed a tendency to
decrease if the annealing temperature exceeded 700'C. Our metallographic observations
show that such low-temperature anneals do not homogenize the cast structure even if the
annealing period is extended to 3 weeks (Fig. 10). Also, our data show comparable To
values for materials homogenized at high temperature and rapidly cooled (transformed) or
subsequently annealed at 11500C. After reading Koch's results, we reannealed the annealed
specimens of V-25.6Ga and V-27.5Ga at 700'C for 2 weeks. The To of V-25.6Ga recovered
from the value of the annealed specimen to 15.23 K, which is near the transformed value.
The To of the V-27.5Ga was unchanged: 11.44 K as annealed and 11.45 K after the addi-
tional 7000C anneal. Thus these characteristic To values were retained after a prolonged
7000C anneal.
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Fig. 20-Normal-to-superconducting transitions in the:
phase of annealed V-25.6Ga with and without radial
segregation. The presence of a step in the plot of sus-
ceptibility X against temperature indicates the specimen
inhomogeneity

Superconducting Parameters

In addition to determining To we measured the initial slope of the critical-magnetic-
field curves (-dHc 2 /dT)TO for each of the specimens. These measurements permit the
evaluation of several theoretical zero-temperature magnetic-field predictions from the
following equations. The Ginzburg-Landau upper critical magnetic field at zero tem-
perature [22] is

H*2 (0) = 0.693TO(-dHc 2 /dT)T 0 (2)

when magnetic fields (H) are given in oersteds and temperatures are in kelvins. The zero-
temperature upper critical field, wherein paramagnetic effects have been included, can be
calculated according to Maki [23] and Hechler et al. [24] as

Hc2() HC2(0)(1 + a2) 1, (3)

where

ae = 5.33 X 10- 5 (-dHc 2 /dT)T. (4)
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The paramagnetic upper critical field limit of Clogston [25] is given by

Hp 2(0) = 18A4T0 . (5)

The measured values of To and (-dHc 2/dT)T 0 and the calculated values of these upper
critical fields are shown in Table 8.

Comparable data from previous studies of V3Ga are shown in Table 9. The initial-
slope values of Wernick et al. [20] for compositions of 23 to 29 at-% Ga are approxi-
mately twice ours, whereas their To values are in reasonable accord with ours. The other
reports of individual "V3 Ga" specimens give values of temperature and slope that are
more in agreement with our results. Montgomery and Wizgall [26] measured several
types of samples including diffusion layers, Kunzler wires, and sintered samples. The
"sintered bulk as cast" samples, measured resistively, yielded the values 14.17 K and
-39.4 kOe/K shown in the table. From the brief descriptions of specimen preparation
and some rather confusing descriptions used in characterizing the specimens, we must
assume that these samples were probably inhomogeneous.

To calculate other theoretically predicted parameters, it is necessary to know either
the coefficient of the electronic component of the specific heat y or the normal-state
resistivity Pn at the superconducting transition temperature. Resistivity measurements
were attempted, but because our samples were small and irregular, such measurements
were inconclusive. We have used the results of the specific-heat measurements of Junod
et al. [6] in our calculations. Because the heat treatment of Junod's samples differs
from ours, we will not assign the y values to either of our sample states explicitly. For
these calculations we will use a single value of y for each composition for both trans-
formed and annealed samples, thereby tacitly assuming only a small change in y with
thermal treatment. We can calculate the Maki parameter a from the initial slope of the
critical-magnetic-field curves via Eq. 4 and use the results of Junod et al. for y to calcu-
late Pn, since [23,241

Pn = a/2.35-y (6a)

or

5.33 X 10- 5 (-dHc 2 /dT)To

Pn 2 .3 5y (6b)

Here Pn is in 92-cm and y is in ergs/cm3-K2 . Using the formula of Hake 122] and
Goodman [29], one can obtain the total Ginsburg-Landau parameter

KG = Ko + Ki, (7)

where the intrinsic Ginsburg-Landau parameter is

Ko = 1.61 X 1024 y3/2T0 [n4/3 (S/Sf) 2 V1

and the extrinsic Ginsburg-Landau parameter is
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Table 8
Measured Superconductivity Parameters of the A15 Phase in the V-Ga System

Composi- Thermal Treatment -dHC2 Maki
tion (temperature in degrees a0 dT T HC2(O) Hc 2 (0) Hc*2(0) HC2(O) Param-
(at-%) Celsius and, in parentheses, (A) (K) (kOe) (kOe) (kOe) (kOe) eter(at-%) ~~time in hours)* ____(kOe/K) I ____{_____ a

V-20.5Gat 1400(4) _ 9.53 15.1 73.5 99.7 77.7 175.4 0.805
1400(4); 1225(6); 1150(7) 4.8140 9.16 17.4 77.4 110.5 81.0 168.5 0.927

V-21.9Ga 1400(4) - 13.20 20.5 142.1 187.3 126.4 242.6 1.093
1400(4); 1100(5) 4.8156 13.25 22.0 173.7 202.0 131.0 243.7 1.173

V-23.3Ga 1400(4) - 14.65 22.2 170.9 225.4 145.5 269.5 1.183
1400(4); 1150(7) 4.8168 14.28 23.8 168.2 235.5 145.8 262.8 1.269

V-25.6Ga 1400(4) - 15.26 22.0 167.6 232.7 151.0 280.8 1.173
1400(4); 1150(7) 4.8178 14.56 26.0 189.0 262.3 153.5 267.9 1.386
1400(4);1150(7);700(335) - 15.23 25.0 188.4 264.0 158.4 280.3 1.333

V-27.5Ga 1400(4) - 11.88 11.0 68.0 90.5 78.1 218.5 0.586
1400(4); 1150(7) 4.8218 11.44 28.3 158.6 224.4 124.0 210.5 1.508
1400(4);1150(7);700(335) - 11.46 35.5 275.6 282.0 131.8 210.9 1.892

V-28.2Ga 1400(6) - 10.33 4.9 26.1 35.1 34.0 190.1 0.261
1400(6); 1150(5) 4.8243 9.69 29.1 173.7 195.4 105.9 178.3 1.551

V-31.8Gat 1275(5) - 5.61 11.1 35.2 43.2 37.1 103.2 0.592
1275(5); 990(7) 4.8325 5.50 17.0 46.9 64.8 29.5 101.2 0.906

*Temperatures at the left side of the column are homogenization temperatures prior to rapid cooling to yield transformed specimens (a-to-(3
transformation). Additional temperatures are annealing and reannealing temperatures within the (3-phase field.

tTwo-phase sample.
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Table 9
Literature Values of the Critical Temperature and Initial Slope

of the A15 Phase in the V-Ga System

-dHC 21
Authors To dT ITO V3 Ga Specimen

(K) (kOe/K) I_____________

Wernick et al. [20] 14.5 50 Ingot composition from 23 to
33 at-% Ga. Values shown
are for V-25.3Ga.

Heckler et al. [24] 14.83 34 Cu-plated and annealed for 50
hr at 7000C.

Otto et al. [27] 14.1 39 Sintered rod.
Decker and Laquer [28] 14.2 43.2 "As cast hollow spark-cut

cylinder."
Montgomery and Wizgall [26] 14.17 39.4 "Sintered bulk as cast."

K9 = 7500 Pn'Y112.

Hake [30] estimated S/Sf as 0.6 and n as 3.22 X 1023 per cm-3 for V3Ga.

One can also determine the electron mean-free path Q, the coherence distance

OBCS and the density of states at the Fermi surface for one spin direction N, from
the following relations [22]:

2 = 1.27 X 104 [Pnn2/3( S)]

(OBCS = 7.93 X 10-17n2/3( S. )(YTf)-1

and

(10)N(0) = 8.0 X 103 0 ,y.

According to the BCS theory [31]

To = 0 .85 5 0D exp -[NIV' (11)

where ED is the Debye temperature, N(0) is the density of electronic states at the Fermi
level, and V is the pairing potential arising from the electron-phonon interaction. For
strong coupling superconductors, McMillan [32] has derived the expression

34
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To = EID exp 1.04(l + X) (12)

where g* is the Coulomb coupling constant and X is the electron-phonon coupling con-
stant. McMillan takes 0.13 as the value of ,u* for all transition metals and their alloys,
but a better value for V-based A15 material is probably 0.19 [33]. Thus, knowing To
and OD, one can solve for X and in turn the band-structure density of states Nbs (0)
given [32] as

Nbs(0) = 3,y[27r2k2 (1 + ?)] ' = NI (0) (1 + 1 -, (13)

where kB is Boltzmann's constant.

Calculated values of these parameters are listed in Table 10 for the samples that had
compositions approximately equal to those reported by Junod et al. [6]. In this table y
and ED values are from that paper [6], pn is the normal-state resistivity evaluated near
4.2 K, and the various values of K relate to intrinsic sample characteristics which in the
case at hand indicate the degree of type-II character for these samples. The remainder
of the parameters are those already discussed.

The literature contains sparse reporting of measured y and Pn values. Knapp and
Jones [34] report 14.5 K for To and 5.94 X 103 ergs/cm3 K2 for y. Morin et al. [35]
report a y value of 30.3 X 103 erg/cm3K2 for a V3 Ga sample. Using this number with
their [35] values of 14.66 K for To and -40.2 kOe/K for the initial slope, one obtains
from Eqs. 6 and 7 values for Ko, K 2, and KG of 16, 39, and 55 respectively and a value
of 30 u&2-cm for Pn. Usually, for compounds, Ko is at most a few percent of K9 and
therefore only a few percent of KG. Another expression that can be used for the total
Ginsburg-Landau parameter as given by Hake [22] is

K1 (To) = (6.0yl/ 2) ( dH 2 )T (14)

whereby K1 (TO) = 38. It would appear that K0 is large due to the value of y, which for
Morin et al. [35] is nearly 5 times larger than the value of y determined by Junod et al.
[6] and by Knapp and Jones [34]. However the pn values correlate well with the value
37.4 MQ-cm determined by Sarachik et al. [36] and with the value 41 y92-cm determined
by Montgomery and Wizgall [26]. All three resistivity values are lower by a factor of
approximately 2 than our calculated values.

The initial slopes of the critical-magnetic-field curves as a function of Ga concentra-
tion are shown in Fig. 21. As was the case in previous studies of both the V-Pt [37] and
V-Ir [38] systems, the data of the annealed samples conform to a smoother, less widely
varying function of composition than do the data of the transformed samples. However
the ae-to-3 solid-state transformation became sluggish above the 28-at-%-Ga composition,
which is just the composition that (-dHc 2/dT)TO achieves its relative maximum and mini-
mum values for the annealed and transformed cases respectively. Perhaps the behavior of
this parameter is correlated to an as-yet-undetermined structural feature of the metallurgi-
cal system.
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Table 10
Calculated Parameters of the A15 Phase in the V-Ga System (values of y and eD are from Janod [6],
values of N are from Eq. 10, values of N(0)V are from Eq. 11, and values of Nbs(0) are from Eq. 13)

Compo- ~~~~~~N TlNb(0)sition ery 0 (1034 Termal Pn OBCS ~ I~1 (106(34
son erg | Treat( (1 0 -4 Kj(To) KG Ko KQ (10-7 (10-7 " jNO statesN'
(at-%) _ _cm3K2 _ j cmg3)- mentt j Q-cm) cm) cm) V atom

V-21.9Ga 3952 326 3.16 A 1.177 54.4 54.7 0.65 54 0.38 43.3 1.08 0.328 1.52
A+B 1.263 58.3 58.7 0.65 58 0.35 43.1 1.08 0.328 1.52

V-25.6Ga 7215 302 5.77 A 0.692 43.2 44.9 1.90 43 0.65 20.3 1.21 0.337 2.61
A+C 0.818 51.0 52.8 1.81 51 0.55 21.2 1.18 0.348 2.64
A+C+D 0.786 49.1 50.7 1.90 49 0.57 20.3 1.21 0.353 2.61

V-27.5Ga 5002 310 4.00 A 0.483 25.9 25.9 0.87 25 0.94 37.3 1.05 0.322 1.94
A+C 1.283 66.7 68.8 0.84 68 0.35 38.7 1.03 0.318 1.97
A+C+D 1.610 83.7 71.8 0.84 71 0.28 38.6 1.04 0.318 1.96

V-31.8Ga* 1968 363 1.57 E 1.279 41.7 43.1 0.10 43 0.36 197.1 0.76 0.249 0.89
E+F 1.959 63.7 63.1 0.10 63 0.24 201.1 0.76 0.248 0.89

*Two-phased sample.
tA = 1400°C for 4 hr, B = 1100°C for 5 hr, C = 1150°C for 7 hr, D = 700°C for 335 hr, E = 1275°C for 5 hr, and F = 990°C for 7 hr.
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Fig. 21-The initial slopes of the critical-magnetic-field
curves of the (3 phase of V-Ga as a function of Ga con-
centration and heat treatments

On the other hand, we see from Eq. 6b that (-dHc 2/dT)To is proportional to -y and
from Eq. 10 and 13 that y is in turn proportional to N(E), where N(E) is any of the forms of
the electronic density of states given in Eqs. 10 and 13. A maximum in (-dHc 2 /dT)T0
implies a maximum in the density of states if pn is a slowly varying function of composi-
tion, and it would appear according to the rigid band model that, for the V-Ga system,
the Fermi level is closest to the peak in the density of states at the 28-at-%-Ga composi-
tion. If this is the case, then measurements of the initial slopes of the critical-magnetic-
field curves enable one to determine the composition for which the Fermi level is closest
to the maximum in the density of states quite readily and simply for any superconduct-
ing material.

If the density of states per se was governing the superconducting properties, simple
models relating To and N(E) suggest that To should maximize at 28 at-% Ga. That it
does not suggests that another mechanism predominates, and the model most widely
accepted for A15 materials is the linear-chain model developed by Labb6 and Freidel
[39]. Basically their model states that To is intimately connected and directly propor-
tional to the crystallographic long-range order of the system. We have already discussed
the effects of long-range order brought about by the thermal processing of the alloys.
However another facet to the long-range-order picture is that brought about by altering
the chemical composition of the alloy, and this is the view to be considered now. On
the Ga-deficient side of stoichiometry, the integrity of the linear chain is maintained. At
stoichiometry there is exactly enough V to fill all of the linear chain sites and exactly
enough Ga to fill all the bec sites. With progression to the Ga-rich side of stoichiometry,
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there is not sufficient V to fill all the chain sites; so the excess Ga atoms fill them,
thereby breaking up the linear V chains.

The rationale behind the Labb4-Freidel model is the integrity of the linear chains.
That being so, one would expect To to be relatively independent of composition on the
Ga-deficient side of stoichiometry, where the linear chains are full; but on the Ga-rich
side of stoichiometry their model predicts a strong dependence of To on composition,
since the Ga atoms will be breaking up the chains. Thus the behavior witnessed in Fig.
17 for either the transformed or the annealed samples on the Ga-rich side of, stoichiom-
etry conforms with the Labb4-Friedel model. However the decrease in To as the compo-
sition shifts from stoichiometry on the Ga-deficient side does not agree with this model.
Possibly the presence of V atoms in sites intended for Ga is responsible for the breakdown
of the linear chain model due to the fact that intrachain interactions are no longer negli-
gible. The V-Pt system [37] is a nice example of the Labb4-Freidel model, wherein the
B element was a transition metal. Perhaps the fact that Ga is a nontransition metal means
that the V electrons at chain sites are at liberty to interact with electrons of V at bcc
sites, whereas in the V-Pt case, electrons of bcc vanadium were prevented by the electrons
of Pt from doing so.

SUMMARY

The results from these studies of the superconducting A15 phase of the V-Ga system
can be summarized as follows:

* Within the range of compositions examined the phase equilibria of the V-Ga
system determined by van Vucht [1] appear to be correct. The present results indicate
a narrower composition range for the j3 phase and a displacement of the a + j3 field to
higher Ga content.

* The arc-melting and casting procedures produced cylindrical rods of uniform micro-
structure for these studies. As a consequence of the broad liquid-plus-a-phase field, the
castings displayed dendritic segregation and a large-scale radial Ga gradient. This gradient
evident in high-Ga alloys by the retention of a metastable a phase at the core of the cast-
ing, was not evident in the microstructures of most of the alloys. However the supercon-
ducting-transition-temperature determinations proved to be a sensitive detector of this
gradient. This gradient will be present for all arc-cast samples regardless of geometry, and
we believe this is responsible for many of the inconsistent To values reported in the
literature.

* The dendritic segregation in the cast materials was made visible in metallogra-
phic sections by suitable etching procedures. Anneals of several hundred hours at 11000C
were ineffective in eradicating this segregation. However a brief heat treatment at tem-
peratures in the a-phase field does homogenize the material. By rapidly cooling the speci-
men through the a-to-fl transformation, segregation from the transformation occurs on a
fine scale and such fine-scale segregation can be removed by a subsequent anneal within
the f-phase field.

* Although the composition range of the P-phase is rather broad, the transformed
microstructures and the annealed microstructures of all of the fl-phase materials were
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similar. Thus property measurements as a function of composition are from specimens of
similar microstructure. Even microhardness values, previously reported to show a minimum
near the V3Ga composition, were nearly constant over the full composition range of the
f-phase.

* The lattice parameter of the : phase increases with increasing Ga content. The
present measurements define two lines intersecting near the V3 Ga composition. These
data support the proposal that the compositional adjustment is a substitution of A and B
atoms in A3B; that is, Ga replaces excess V in B sites, causing a small expansion of the
lattice as the Ga content is increased to the V3 Ga composition, and beyond the V3 Ga
composition Ga replaces V in A sites and causes a large lattice expansion.

* Long-range-order studies showed that the f phase is highly ordered-even in the
cast state. In these nonhomogeneous materials local order is probably high in all regions,
but the measurement is an average of these zones of different compositions and hence of
different maximum atomic order. The improvement in the long-range-order parameter
with heat treatment reflects the increased homogeneity of the sample rather than an in-
trinsic change in order.

* Measurement of To without accompanying critical-magnetic-field information
can give To values up to several tenths of a kelvin too high. The same phenomenon has
been witnessed in other A15 systems, but no explanation has been suggested to date.

* To is higher for the transformed samples than for the annealed samples. The
reason for this is not known either, but it cannot be attributed to surface effects result-
ing from the anneal, because all specimens for To measurements were cut from the inte-
rior of larger heat-treated samples.

* We do not understand the reason for the dissimilarity of the appearance of the
initial-slope curve for the annealed as opposed to the transformed samples as a function
of composition. Analogous discrepancies have been seen in the V-Pt and V-Ir systems.

* Analysis of the initial slope of the critical-magnetic-field-vs-composition plot
and of the transition-temperature-vs-composition plot suggest that on the Ga-rich side of
stoichiometry the Labb&-Friedel [39] linear-chain model holds but on the V-rich side the
density-of-states model seems more valid. Far-infrared optical-spectroscopy studies may
someday resolve this dilemma. Another avenue of resolution would be specific-heat
measurements on a series of V-Ga alloys with small composition increments (t 0.5%) in
the range 25 to 28 at-% Ga. The same sample should be measured in the transformed
state and then remeasured in the annealed state. If one accepts the proportionality of
the density of electronic states to the magnitude of the initial slope of the critical mag-
netic field curve via Eq. 6b, then superconductivity measurements enable one to deter-
mine the composition for which the Fermi level most nearly approaches the peak in the
density of states for a given alloy system. There is some concern that the critical-field
curves do not follow theoretical predictions, so that the relationship between y and
(-dHc 2 /dT)To may not be directly applicable.
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